The synthetic effort towards the functionalisation of C-H bonds on 2-pyrones and 2-pyridones has been funnelled by the preferential reactivity of the C-3 position. Herein, we report a direct arylation protocol for the intramolecular coupling of 2-pyrones and 2-pyridones, allowing access to a previously unavailable class of C-5 cyclised products with an unstudied biological profile. A C-Cl bond was retained at C-3 during the direct arylation process allowing further derivatisation at C-3, which we have demonstrated with a SuzukiMiyaura cross-coupling reaction.
Introduction
Effective routes to aryl-heteroaryl (Ar-HetAr) bonds are among the most important in organic synthesis [1] due to the abundance of the Ar-HetAr moiety in natural products and pharmaceuticals. [2] The development of direct arylation protocols involving at least one C-H activation event is highly sought after by academic [3] and industrial groups. [4] We chose to focus on the 2-pyrone substrate, specifically 4-hydroxy-2-pyrone [5] derivatives due to their status as a privileged scaffold with broad spectrum biological activity, [6] spanning cytotoxic, [5] antibiotic, [6] and antifungal activity. [7] 2-Pyridones (isosteres of 2-pyrones) possess numerous biological effects including antifungal, antibacterial, insecticidal and cytotoxic activity. [8] The 2-pyrone moiety also displays chemical reactivity reminiscent of aromatics, [9] dienes [10] and enones, [11] and thus represents a highly challenging, yet rewarding, synthon. Moreover, it has been demonstrated to ring-open under certain cross-coupling conditions. [12] In terms of functionalisation at the free C-3 and C-5 positions, the inherent reactivity of the C-3 position on the 2-pyrone scaffold has completely funnelled the synthetic effort (Scheme 1). More specifically, direct arylation at the C-3 position has been wellstudied by us [13] and others. [14] What has been almost completely untapped, is the biological profile of similar compounds, functionalised at C-5 position (Scheme 1), presumably because of the lack of selective synthetic methods. Previously, we reported that the use of a methyl group (1a) or a bromo group (1b) at the C-3 position could facilitate access to the C-5 coupled products (Scheme 2). [13a] Scheme 2. Comparison to previous work, which was limited to a non-functional C-3 blocking group.
While the transformation of 1a to 2a proceeded in good yield, the methyl group cannot be easily manipulated. We reasoned that by using bromide (1b), the direct arylation at C-5-H could be achieved, provided oxidative addition was preferred at the aryl iodide and that no complications were encountered due to the Br at C-3. While direct arylation was accomplished, prohibitive hydrodebromination dominated (giving 2b).
Using the direct arylation/hydrodebromination protocol, we set about elaboration of the substrate scope. Unfortunately, all attempts were met with failure. For example, an analogue bearing a phenyl ring at C-6 failed to give any product. Neither did the 2-pyridone isostere, under otherwise identical reaction conditions. Even if this strategy had proved successful, gaining access to 5-cyclised compounds bearing a halogen at C-3 for further elaboration, would have to occur via a hydrodehalogenation/rehalogenation protocol, which is clearly neither atom-nor step-economic.
Instead, we sought to develop a Pd-catalysed direct arylation protocol which would (1) give direct arylation at C-5, (2) be generally applicable and (3) allow further decoration of the 2-pyrone motif at C-3. As Lautens observed, [15] there is a notable absence of polyhalogenated substrates in Pd-catalysed crosscouplings, which is probably due to selectivity issues. This potential pitfall was offset by the potential for follow-on coupling using an (hetero)aryl chloride, the benefits of which have been well documented by Buchwald, [16] Hartwig [17] and Fu.
[18]
Results and Discussion
In our study, using a chloride as the blocking group in pyrone 1c proved successful (Scheme 2). As expected, complications arose when employing other combinations of halides (X = Br and I, possessing weaker C-X bonds) on the aryl ring and on the C-3 position (see SI).
An optimisation screen was performed using 1c as starting material. Employing Cs2CO3 as the base in THF under Jefferytype conditions [19] gave the desired product 2c in 55% yield (Table  1 , entry 1). Changing to K2CO3 gave a slight improvement in yield to 60% (Table 1, entry 2) . This is in line with our previous observation that Cs2CO3 can degrade the 2-pyrone motif.
[13b]
Employing KOAc as the base in toluene gave a 68% yield (Table  1 , entry 3) and it was determined to be the optimal base. Switching to a protic polar solvent system inhibited the reaction (Table 1 , entry 4), but using an aprotic polar solvent gave a 95% yield in just 4 hours (Table 1, entry 5). In THF the reactions worked very well (85%, isolated yield) and it was chosen over DMF [20] as our reaction solvent (Table 1 , entry 6). With our optimised conditions in hand, we next investigated the substrate scope. To this end, a variety of 2-pyrone and 2-pyridone precursors were prepared. Pleasingly, a number of substrates were well tolerated under the reaction conditions (Scheme 3). Substituents para to the oxidative addition site worked well, with a p-methyl substituted aryl halide giving product 10 in 53% yield, a p-methoxy substituted aryl halide giving 11 in 63% yield and a p-fluoro substituted aryl halide giving 12 in 43% yield.
Importantly, and in contrast to our previous studies, [13a] the 2-pyridone substrates also coupled well, giving the desired products 13 and 14 in moderate yields.
Unfortunately, employing a larger substituent at the 6-position failed to give any product 9, presumably due to unfavourable steric interactions at Pd. In any case, the 6-Me 2-pyrone is the more common and useful synthon due to its biosynthetic pathway (from acetyl-CoA via two sequential condensations with malonylCoA and subsequent ring closure to produce triacetic acid lactone, also called 4-hydroxy-6-methyl-2-pyrone). [21] Scheme 3. Substrate scope, showcasing the viability of the C-5 direct arylation protocol.
Having demonstrated the scope of the direct arylation reaction, we turned our attention towards further functionalisation of the 2-pyrone product via Suzuki-Miyaura cross-coupling at the C-3-Cl position of 2c. To this end, we expected to be able to harness the plethora of conditions reported for the Suzuki-Miyaura crosscoupling of aryl chlorides. Disappointingly, conditions such as those reported by Fu ( for the cross-coupling of aryl chlorides failed to give the desired product 15. However, upon consideration of the 13 C NMR spectrum of 2c, it became apparent that the C-3-Cl bond ( 13 C at 100.8 ppm) did not necessarily possess the characteristics of an aryl chloride bond. We therefore tested the conditions reported by Hultin for the Suzuki-Miyaura cross-coupling of an -chloro-, -unsaturated ester (Table 2 , entry 3). [22] To our delight, similar conditions gave 60% conversion to the desired product 15. [23] Using KOAc as base ( Table 2 , entry 4), gave a slightly increased conversion (to 70%). Using 2-MeTHF ( Table 2 , entry 5) and 1,4-dioxane (Table 2 , entry 6) as solvents, did not promote the reaction. Changing to a Pd(0) source in THF surprisingly led to poor catalytic turnover (6% conversion, Table 2 , entry 7), and using bulkier phosphine ligands ( Table 2 , entries 8-9) was also relatively unsuccessful. Finally, using KOAc in refluxing THF ( Table 2 , entry 10) gave 93% conversion and an excellent isolated yield of 92%. [24] Use of an electron-poor p-(CF3)phenylboronic acid gave the appropriate product 16 in 57% (isolated yield) however, electronrich p-(OMe)phenylboronic acid gave only 28% conversion to 17 (Scheme 4). 
Conclusions
We have developed a valuable synthetic methodology allowing access to previously inaccessible, C-5-cyclised, 2-pyrones and 2-pyridones. This protocol proceeds via direct arylation with the retention of a C-Cl bond; the latter can be utilised in a Suzuki-Miyaura cross-coupling, enabling further elaboration at C-3.
Experimental Section
1. General Information: THF was distilled from sodium in the presence of benzophenone. Pd(OAc)2 was recrystallised from toluene. All other reagents and solvents were used as purchased unless otherwise stated. Melting points were measured in a Thomas Hoover Capillary Melting Point apparatus and are reported uncorrected. Infrared (IR) spectra were recorded on a Perkin-Elmer FT-IR Paragon 1000 spectrophotometer. Liquid samples were examined as thin films interspersed between sodium chloride plates. Solid samples were dissolved in dichloromethane (DCM), applied as a thin film to sodium chloride plates and the DCM allowed to evaporate prior to the recording of spectra. Mass spectra were recorded on a Waters LCT Premier Tof LC-MS instrument in electrospray ionisation mode using 50% acetonitrile-water, containing 0.1% formic acid, as eluent; samples were made up in acetonitrile or methanol. All spectra were recorded at University College Cork. NMR spectra were run in deuteriochloroform (CDCl3) using tetramethylsilane (TMS) as the internal standard, unless otherwise specified. NMR spectra were recorded on a Bruker AVANCE 300 instrument at University College Cork. Thin layer chromatography was performed on precoated silica gel (Merck HF254) plates and compounds were visualised under U.V. light. Column chromatography was carried out using Fluka silica gel 60.
Experimental Procedures

General Procedure for Preparation of 4-benzyloxy-2-pyrones:
Pyrone (1.0 equiv.), 2-iodobenzylbromide (1.2 equiv.), K2CO3 (3.0 equiv.) and acetone (4 mL/mmol pyrone) were added to a round-bottomed flask. The flask was placed in an oil bath preheated to 79 °C and the reaction was stirred at this temperature for 4 h, then cooled to ambient temperature. The reaction mixture was diluted with 15 mL water and extracted with 3 × 15 mL EtOAc. The combined organic layers were washed with 20 mL water, dried over MgSO4 and concentrated under reduced pressure. The residues were purified by column chromatography using the indicated eluent to afford the products. [13a] 0.5:99. 
4-((2-iodobenzyl)oxy)-6-methyl-2H-pyran-2-one
General Procedure for Preparation of 4-benzyloxy-2-pyridones
A Schlenk tube was heated under vacuum and refilled with N2 three times. Pyridone (1.0 equiv.), 2-iodobenzylbromide (1.12 equiv.) and K2CO3 (3.0 equiv.) were added under a flow of N2. Anhydrous DMF (4 mL/mmol pyridone) was added via syringe. The flask was placed in an oil bath preheated to 25 °C and the reaction was stirred at this temperature for 18 h. The reaction mixture was diluted with 20 mL water and extracted with 3 × 15 mL EtOAc. The combined organic layers were washed with 20 mL brine, dried over MgSO4 and concentrated under reduced pressure. The residues were purified by column chromatography to afford the pure products. Iodobenzyl) Iodobenzyl)oxy)-6-methyl-1-phenylpyridin-2(1H) 
4-((2-
General Procedure for chlorination of 4-benzyloxy-2-pyrones and 2-pyridones
Pyrone or pyridone (1.0 equiv.) and N-chlorosuccinimide (1.2 equiv.) were added to a round-bottomed flask. CHCl3 (5 mL/mmol pyrone or pyridone) was added, followed by trifluoroacetic acid (1.2 equiv.). The flask was covered in aluminium foil to exclude light and placed in an oil bath, which was heated to 55 °C. The reaction was stirred at this temperature until TLC analysis showed that all starting material had been consumed (18 -24 h). The reaction mixture was cooled to ambient temperature, diluted with 10 mL CHCl3 and washed with 15 mL saturated aqueous NaHCO3 and 2 × 15 mL water. The organic layer was dried over MgSO4 and concentrated under reduced pressure. The residues were purified by column chromatography using the indicated eluent to afford the pure products. -4-((2-iodo-5-fluorobenzyl)oxy)-6-methyl-2H-pyran-2-one 
3-Chloro-4-((2-iodobenzyl
3-Chloro
General Procedure for Direct Arylation
A Schlenk tube was heated under vacuum and refilled with N2 three times. Pyrone or pyridone (1.0 equiv.), Pd(OAc)2 (5 mol%), tetrabutylammonium bromide (TBAB) (1.2 equiv.) and KOAc (2.5 equiv.) were added to the Schlenk tube under flow of N2. Freshly distilled THF (0.03 M) was added via syringe. The Schlenk was placed in an oil bath preheated to 76 °C and the reaction was stirred at this temperature for 18 h (pyrones) or 24 h (pyridones), then cooled to ambient temperature. The reaction mixture was diluted with 10 mL water and extracted with 3 × 10 mL DCM. The combined organic layers were dried over MgSO4 and concentrated under reduced pressure. The residues were purified by column chromatography using the indicated eluent to afford the pure products. -1-methyl-3H,6H-pyrano[4,3-c -8-methoxy-1-methyl-3H,6H-pyrano[4,3-c]isochromen-3 
4-Chloro
General Procedure for Suzuki-Miyaura
Cross-Coupling A Schlenk tube was heated under vacuum and refilled with N2 three times. KOAc (2.2 equiv.) was added. The Schlenk tube was heated under vacuum and refilled with N2 twice. Pyrone or pyridone (1.0 equiv.), boronic acid (1.5 equiv.), Pd(OAc)2 (5 mol%) and SPhos (15 mol%) were added. The Schlenk tube was evacuated and refilled with N2 three times. Freshly distilled THF (0.03 M) was added via syringe. The Schlenk tube was placed in an oil bath preheated to 76 °C. The reaction was stirred at this temperature for 18 h, then cooled to ambient temperature. The reaction mixture was diluted with 15 mL water and extracted with 3 × 15 mL EtOAc. The combined organic layers were dried over MgSO4 and concentrated under reduced pressure. The residues were purified by column chromatography using the indicated eluent to afford the pure products. -4-(p-tolyl)-3H,6H-pyrano[4,3-c 
1-Methyl
